In this study, we consider a stochastic predator-prey system in a polluted environment with pulse toxicant input and impulsive perturbations. By constructing a suitable Lyapunov function and using comparison theorem with an impulsive differential equation and stochastic differential equation, we obtain a set of sufficient conditions for extinction, with weak persistence in the mean and global attraction to any positive solution of the system. We also estimate the conditions for the upper boundedness of the expectations of this system solution. Finally, the results are verified based on computer simulations.
Introduction
With the rapid development of modern industry and agriculture, large volumes of toxicants and contaminants have entered the global ecosystem. Thus, environmental pollution is one of the most important socio-ecological problems. The presence of various toxicants in the environment comprises a threat to the survival of all living populations, including mankind. Therefore, it is very important to study the effects of toxicants on populations and to ascertain a theoretical threshold value that determines the persistence or extinction of a population or community. In recent years, some studies have analyzed the effects of toxicants emitted into the environment from industrial and household sources on biological species [1] [2] [3] . Most of these previous models assumed that the exogenous input of toxicants is continuous. It is known that ecological systems are often deeply perturbed by activities related to human exploitation and natural factors (e.g., harvesting, planting, drought, and flooding). In particular, sudden changes can often be characterized mathematically in the form of impulses. Therefore, the continuous input of toxicants is removed from the model and replaced by a pulse perturbation. To describe these systems more accurately, we need to employ an impulsive differential equation. The development of the theory of impulsive differential equations has led to the proposal of various population dynamical models of impulsive differential equations, which have been studied extensively [4] [5] [6] [7] [8] [9] [10] [11] . Many important and interesting results have been obtained regarding the http://dx.doi.org/10.1016/j.apm.2014.12.020 0307-904X/Ó 2015 Elsevier Inc. All rights reserved. dx 1 ðtÞ ¼ x 1 ðr 10 À r 11 c 0 ðtÞ À a 11 x 1 ðtÞ À a 12 x 2 ðtÞÞdt þ r 11 x 1 dB 1 ðtÞ; dx 2 ðtÞ ¼ x 2 ðÀr 20 À r 22 c 0 ðtÞ À a 22 x 2 ðtÞ þ a 21 x 1 ðtÞÞdt þ r 22 x 2 dB 2 ðtÞ; dc 0 ðtÞ ¼ Àhc 0 ðtÞ; 9 > = > ; where x 1 ðtÞ; x 2 ðtÞ represent the population densities of the prey and predator at time t, respectively, c 0 ðtÞ is the concentration of the toxicant in the organism at time t; T is the period of the pulse effect about the exogenous input of toxicant, and p is the toxicant input amount at every time. Throughout this study, it is assumed that:
(H 1 ) r i0 ; a ii ; r ii ; r ii ; a 12 ; a 21 ; i ¼ 1; 2, are positive constants and (H 2 ) 0 ¼ t 0 < t 1 < t 2 < . . . < t k < t kþ1 < . . . are fixed impulsive points with lim k!þ1 t k ¼ þ1; k 2 N, where N denotes the set of positive integers. 
(H 5 ) Let ðX; F; fF t g tP0 ; PÞ be a complete probability space with a filtration fF t g tP0 that satisfies the usual conditions (i.e., it is right continuous and F 0 contains all P-null sets). Let B 1 ðtÞ and B 2 ðtÞ denote the independent standard Brownian motions defined on this probability space.
The remainder of this paper is organized as follows. In Section 1, we propose a stochastic predator-prey system in a polluted environment with pulse toxicant input and impulsive perturbations. In Section 2, we give some notations and lemmas. In Section 3, we obtain the sufficient conditions for the extinction, persistence in the mean of the population, and global attractiveness of system (1.1). In Section 4, we provide a brief discussion and our theoretical results are verified based on numerical simulations.
Preliminaries
In this section, we provide some definitions, notations, and lemmas, which are useful for explaining our main results. Next, we give some basic properties of the following subsystem of model (1.1). dc 0 ðtÞ ¼ Àhc 0 ðtÞ; t -nT;
Lemma 2.1 [11] . System (2.1) has a unique positive T-periodic solution f c 0 ðtÞ and for each solution c 0 ðtÞ of (2.1), ; f c 0 ð0Þ ¼ p 1ÀexpðÀhTÞ for t 2 ðnT; ðn þ 1ÞT; n 2 N. From Lemma 2.1, we conclude that 8e > 0, f c 0 ðtÞ À e < c 0 ðtÞ < f c 0 ðtÞ þ e; ð2:2Þ holds for all t that are sufficiently large.
Since c 0 ðtÞ can be solved successfully, then model (1.1) is equivalent to the following subsystem of (1. 
ð2:3Þ 
XðtÞ exist, and Xðt k Þ ¼ Xðt À k Þ; k 2 N; (3) XðtÞ obeys system (2.3) for almost every t 2 R þ À t k and satisfies the impulsive conditions at each t ¼ t k ; k 2 N.
Consider the following logistic model with stochastic and impulsive perturbations: 
then system (2.3) is globally attractive. Next, we introduce an important theorem related to the impulsive differential equation [24] and stochastic differential equation [25] .
Lemma 2.3. Assume that m 2 PC½R þ ; R with a point of discontinuity at t ¼ t k and that it is left continuous at t ¼ t k ; k 2 N, and DmðtÞ 6 gðt; mðtÞÞ; t -t k ;
where g 2 C½R þ Â R þ ; / k 2 C½R; R and / k ðuÞ is non decreasing for each k 2 N. Let rðtÞ be the maximal solution of the scalar impulsive differential equation u 0 ðtÞ ¼ gðt; uðtÞÞ;
ð2:10Þ
which exists on ½0; þ1Þ, then mð0 þ Þ 6 u 0 implies that mðtÞ 6 rðtÞ; t P 0.
Lemma 2.4. Consider the following stochastic differential equations
where f i ðt; x i Þ 2 Cð½0; þ1Þ; RÞði ¼ 1; 2Þ and gðt; xÞ 2 Cð½0; þ1Þ; RÞ. Assume that:
(1) (2.11) has a unique globally continuous solution x i ðt; t 0 ; x i ðt 0 ÞÞ; i ¼ 1; 2 for any x i ðt 0 Þ 2 R and t P t 0 P 0; (2) f 1 ðt; xÞ 6 f 2 ðt; xÞ; x 2 R; t P 0;
(3) a function q 2 Cð½0; þ1Þ; RÞ exists such that qð0Þ ¼ 0;
jgðt; xÞ À gðt; yÞj < qðjx À yjÞ; x; y 2 R; t P 0:
If x 1 ð0Þ 6 x 2 ð0Þ, then we obtain P x 1 ðt; 0; x 1 ð0ÞÞ 6 x 2 ðt; 0; x 2 ð0ÞÞ; t P 0 f g ¼ 1:
Lemma 2.5. If the conditions of Lemma 2.2 hold, then system (2.4) is globally attractive.
Proof. Let x 1 ðtÞ and x 2 ðtÞ be two arbitrary solutions of system (2.4) with initial values x 1 ð0Þ > 0; x 2 ð0Þ > 0Þ, respectively. Consider the following Lyapunov function:
For t P 0 and t -t k ; k 2 N, by calculating the upper right derivative of V 1 ðtÞ, we have
6 Àa l jx 1 ðtÞ À x 2 ðtÞjdt:
The analysis above shows that for all 
Lemma 2.6 [25] . Suppose that gðtÞ 2 CðX Â R þ ; R þ À 0Þ, then:
(1) If the positive constants k 0 ; T and k P 0, exist such that gðtÞ satisfies the inequality
for all t P T, where b i ; 1 6 i 6 n are constants, then gðtÞ
(2) If the positive constants k 0 ; T and k P 0, exist such that gðtÞ satisfies the inequality
Main results
In this section, we present our main results for system (2.3). 
is a solution of system (2.12).
Proof. First, we prove (1). It is easy to see that xðtÞ
is absolutely continuous on the interval ðt k ; t kþ1 , and for any t -t k , we have Furthermore, for every t ¼ t k , we have
Thus, for every k ¼ 1; 2; . . ., we have
Next, we can prove (2) using the same method, so it is omitted. This completes the proof. 
2) and (3.4), we obtain dðEV 1 ðtÞÞ 6 ðK À EV 1 ðtÞÞdt; t -t k ;
Consider the following impulsive differential equation: (1) If Proof.
(1) By (3.9), we obtain 1 t ln x 1 ðtÞ 
for all t > T 1 . It follows from (3.11) that 1 t ln x 1 ðtÞ Proof.
(1) By (3.10), we have
À r 22 c 0 ðtÞ À a 22 x 2 ðtÞ þ a 21 x 1 ðtÞ þ M 2 ðtÞ t : ð3:14Þ
From (3.13) and (3.14), and by taking the limit, we have
and thus we obtain lim t!þ1 x 2 ðtÞ ¼ 0. 
for all t > T 2 . Substituting this inequality into (3.14) yields
By Lemma 2.6, we can find that
Since e is sufficiently small, we have This completes the proof. h
Numerical analysis and discussion
In this study, we considered a stochastic predator-prey system in a polluted environment with pulse toxicant input and impulsive perturbations. First, we gave a new definition of a solution for a stochastic impulsive differential Eq. (2.3). Using this new definition, we showed that system (2.4) has a global and positive solution for any positive initial condition, and we obtained its explicit expression. We gave the conditions for the global attractiveness of system (1.1). We established the equivalence relation (Theorem 3.1) between the solution of the stochastic differential system with impulsive effects and that of a corresponding stochastic differential system without impulsive effects.
Wang [25] also investigated a stochastic predator-prey system in a polluted environment with continuous toxicant input. The differences between this study [25] and ours are as follows. (1) In [25] , it was assumed that the environmental toxicant input was continuous and bounded, whereas we assumed that the environmental toxicant input comprises a pulse input. (2) We introduced impulsive effects in our model, which were not included in [25] . (3) The global attractivity of the solutions was not discussed in [25] . (4) The threshold for extinction and weak persistence in the mean for the solutions of our system were dependent on the intensity of the stochastic noise r 2 ii , pulse toxicant input amount p, and impulsive perturbations a i k , whereas the threshold in Wang's study was only dependent on the intensity of the stochastic noise a 2 i and c 0 ðtÞ Ã . Our results have obvious biological significance. We can see the influences of pulse toxicant input, impulsive perturbations, and stochastic noises in a two-species Lotka-Volterra predator-prey system (1.1). In our study, we obtained some sufficient conditions for weak persistence in the mean and the extinction of each population, and we found that the pulse period T, amount of toxicant p released, impulsive effects a i k , and stochastic perturbations r ii affected the fates of each population.
The following results can be obtained from Theorems 3.5 and 3.6. (1) is satisfied for Theorems 3.5 and 3.6. Therefore, Theorems 3.5 and 3.6 indicate that all the species will become extinct (see Fig. 1 
:148 < 0, and
¼ À0:845 < 0. Therefore, condition (3) of Theorem 3.5 and condition (1) of Theorem 3.6 are satisfied. Given Theorem 3.5, prey x 1 ðtÞ will be weakly persistent in the mean (see Fig. 2(a) ). Based on Theorem 3.6, we can determine that predator x 2 ðtÞ becomes extinct (see Fig. 2(b) ). Predator-prey systems are important models in mathematical ecology due to their universal existence and population models are inevitably affected by stochastic noise and impulsive perturbations, which should not be neglected in many cases, while environmental pollution is one of most important societal and biomathematical topics in the world today. Thus, it is useful to study the persistence-extinction conditions of each species in a stochastic predator-prey model with impulsive perturbations and pulse toxicant input. In this study, we investigated a stochastic impulsive model to obtain a better understanding of the real-world process. Moreover, the method used in this study can be extended to more complex and realistic models. 
